Cyclic nucleotide-gated channels (CNGCs) transduce external signals required for sensory processes, e.g., photoreception, olfaction, and taste. Nerve growth cone guidance by diffusible attractive and repulsive molecules is regulated by differential growth cone Ca 2+ signaling. However, the Ca 2+
INTRODUCTION
During nervous system development, adult neurogenesis, and adult postinjury nerve regeneration, extending neurites (both axons and dendrites) must migrate toward their correct destination to establish functional neural connections (He et al., 2002; Huber et al., 2003) . Nerve growth cones-the tips of growing neurites-sense diffusible and membrane-bound guidance molecules in their microenvironment and transduce their signals to impose directional guidance on neurite extension (Tessier-Lavigne and Goodman, 1996) . The molecular mechanisms by which nerve growth cones sense different guidance molecules and transduce their signals to achieve this directional guidance are largely unknown. Current evidence indicates that Ca 2+ -conducting channels in the growth cone plasma membrane are mediators of early signaling events during growth cone guidance. Ca 2+ entry through L-type voltage-gated Ca 2+ channels (L-type VDCCs) is required for growth cone attraction toward a gradient of the diffusible guidance molecule netrin-1 in cultured Xenopus spinal neurons (Hong et al., 2000; Nishiyama et al., 2003) . If these channels are pharmacologically blocked, the attraction is converted to repulsion. Moreover, both in vivo and in vitro studies show that transient receptor potential canonical (TRPC) channels act as early sensors of some attractive guidance molecules (e.g., of netrin-1 and brain-derived neurotrophic factor [BDNF]; Shim et al., 2005; Wang and Poo, 2005) . These channels cause growth cone membrane depolarization and, thus, likely facilitate Ca 2+ entry through L-type VDCCs (Wang and Poo, 2005) . Different guidance molecules exert their effects on different types of neurons and act at specific developmental stages (Yu and Bargmann, 2001 ) or on cultured neurons of different ages (Wang and Zheng, 1998; ). Netrin-1 exerts its attractive signal in growth cones of cultured Xenopus spinal neurons derived from stage 22 embryos Hong et al., 1999) , but semaphorin 3A (Sema3A), a potent, diffusible, repellent guidance molecule, exerts its effect on growth cones of spinal neurons derived from stage 26 embryos, not earlier (Nishiyama et al., 2003) . Similarly, expression of different Ca 2+ -conducting channels is also neuronal-and developmental stagespecific (Jimenez-Gonzalez et al., 2003) : e.g., the expression of L-type VDCCs begins in young developing neurons, whereas P/Q-type VDCCs occur generally in adult neurons. Therefore, it is likely that the concerted developmental expression of different guidance molecules and the ion channels that mediate their signals ordain the ontogeny of the nervous system. Different, developmentally expressed cell-surface Ca 2+ -conducting channels, perhaps acting in conjunction, may regulate the intracellular growth cone Ca 2+ dynamics that control the behaviors of growth cones in response to different, developmentally expressed guidance molecules (Gomez and Zheng, 2006; . Cyclic nucleotide-gated channels (CNGCs) are ubiquitously expressed in various regions of neuronal and nonneuronal cells of animals and plants (Frietsch et al., 2007; Kaupp and Seifert, 2002; Matulef and Zagotta, 2003) . These channels function largely as transducers of sensations, such as photoreception, olfaction, and taste (Kaupp and Seifert, 2002) . However, it has been suggested that CNGCs also function in axonal pathfinding in vivo. The pattern of convergence of axonal projections onto glomeruli in the mouse olfactory bulb was markedly disrupted in OCNC1 (also known as CNGA2) deficient M72-odorantreceptor-expressing neurons (Zheng et al., 2000) . Similarly, in C. elegans, mutants of both tax-2, a CNGB homolog, and tax-4, a CNGA1 homolog, showed disrupted axonal projections of gustatory ASJ sensory neurons (Coburn and Bargmann, 1996; Komatsu et al., 1996) . Despite our knowledge of their potential function during early neurite extension, it is unknown whether CNGCs also function to effect signaling by external guidance factors. CNGCs are Ca 2+ -conducting cation channels activated by the binding of cyclic nucleotides to their channel protein subunits (Kaupp and Seifert, 2002) . Different CNGC subtypes are differentially sensitive to different cyclic nucleotides: vertebrate rod photoreceptor-type CNGCs are selectively activated by cGMP binding, whereas olfactory-type CNGCs are activated by either cAMP or cGMP binding. In their native forms, CNGCs are heterotetramers composed of A-(CNGA1-A4) and B-type (CNGB1 and B3) subunits (Kaupp and Seifert, 2002; Matulef and Zagotta, 2003) ; A-type subunits (A1-3, not A4) can form functional homomeric channels in heterologous expression systems; B-type subunits do not, but instead coassemble with A-type subunits and modulate their properties. Different cell types have CNGCs with different subtype subunit stochiometries (Kaupp and Seifert, 2002) : native rod photoreceptor CNGCs are composed of 3 CNGA1: 1 CNGB1a, cone photoreceptor CNGCs are composed of 2 CNGA3: 2 CNGB3, and olfactory neuron CNGCs are composed of 2 CNGA2: 1 CNGA4: 1 CNGB1b. These channel subtypes differ in their relative conductivity of Ca
2+
. For example, Ca 2+ currents through olfactory channels are much greater than those through rod photoreceptor channels (Frings et al., 1995; Hackos and Korenbrot, 1999) . Therefore, the activities of different CNGC subtypes result in different Ca 2+ dynamics that affect different cellular functions (Kaupp and Seifert, 2002) .
In the present study, we found that a repulsive Sema3A signal increases CNG currents in growth cones of cultured Xenopus spinal neurons. We show that a photoreceptor rod-type-like cGMP-gated CNGA1 subunit (xCNGA1) is expressed in Xenopus spinal interneurons. Sema3A triggers elevation of cGMP, which activates xCNGCs composed of xCNGA1 subunits during Sema3A-induced growth cone repulsion. Surprisingly, we found that inactivation of xCNGCs converts the Sema3A-indcued repulsion to PKG-dependent attraction. Finally, we show that Ca 2+ entry through xCNGCs is required for Sema-3A growth cone repulsion. Beyond their classical roles in sensory transduction, our studies reveal that these channels also mediate the signaling of an external, diffusible, repulsive guidance molecule to control the migration of developing nerve growth cones. ] o ) (micromolar ranges) (Song et al., 1998) . We therefore reasoned that Ca 2+ entry via non-VDCCs, which conduct an appreciable amount of Ca 2+ even at a low [Ca 2+ ] o , may be required for Sema3A-induced repulsion of cultured neurons. To identify such channels, we examined leak currents (other than voltage-dependent Na + , K + , and Ca 2+ currents) in growth cones of Xenopus embryonic stage 26 spinal neurons cultured for 16-20 hr. Because VDCC blockers affect the magnitude of leak currents (Brown et al., 2006) , we first designed a computed, inversed voltage-ramp protocol that excludes contamination from VDCC currents ( Figure S1 and Supplemental Experimental Procedures available online). Whole-cell voltageclamp recordings were made at the palms of growth cones ( Figure 1A) . Initially, the growth cone membrane potential was held at À10 mV for at least 1 min, and then it was held at +60 mV for 300 ms (Figure 1B, top) . This procedure inactivates the majority of the VDCCs (except for L-types, which were blocked by 20 mM nimodipine; Figure S1B ). We then applied the ramp protocol with a commanding potential from +120 mV to À120 mV for 1 s to evoke leak currents ( Figure 1B, top) . During the leak current measurement, the majority of the Na + and K + channels were also blocked, respectively, by bath-applied saxitoxin (STX, 10 nM) or tetraethylammonium (TEA, 35 mM). We first measured total leak currents in growth cones exposed to a repulsive Sema3A gradient (12 nM in micropipettes) (Figure 1B, bottom, and 1C ) generated at a distance of 100 mm for 5 min before whole-cell recordings were made and that persisted throughout the duration of recording. We found that both inward and outward leak currents were significantly enhanced compared to those of control growth cones not exposed to Sema3A (Blank, Figure 1C ). This enhancement was not observed when either a mutant Npn-1 receptor that does not bind Sema3A [Npn-1, NP-1 (0111); Nakamura et al., 1998 ] was overexpressed ( Figures S3A and S3C ) or when growth cones were exposed to SNP-1 (10 ng/ml), a soluble Npn-1 Sema3A-binding ectodomain (Goshima et al., 1997) (Figure 1C ). These results demonstrate that Sema3A causes an increase of the leak currents. To determine whether these increased leak currents resulted from the activation of Xenopus CNGCs (xCNGCs), we examined the effect of L-cis diltiazem (25 mM), a specific CNGC blocker (selective blocker of CNGB subunits; Stern et al., 1986) , applied in the bath 30 min before exposure of the growth cone to the Sema3A gradient. The L-cis diltiazem eliminated the increased leak currents caused by the Sema3A (Figure 1D ), indicating that putative xCNGCs in the growth cone (probably heterotetrameric channels with B1 subunits, Figure 1E ; Kaupp and Seifert, 2002) are likely activated by Sema3A signaling. Netrin-1, which induces repulsion of the growth cones of younger neurons derived from Xenopus stage 22 embryos when its receptors, DCC and UNC5, are expressed (Hong et al., 1999; Nishiyama et al., 2003) , did not increase these CNG currents ( Figure 1E ). Thus, activation of xCNGCs is specific to a Sema3A signal, not to a repulsive netrin-1 signal. Furthermore, these increases of xCNG currents occurred only in the growth cones, which faced the Sema3A source, not in the soma, which were remote ($300-400 mm away) from the Sema3A source (see Figure 1A ). This localized activation of growth cone xCNGCs was confirmed at low [Ca 2+ ] o (<1 nM; Experimental Procedures, Figure 1F ), in which propagation of the Ca 2+ signal between the growth cone and soma is unlikely to occur. The similar amplitudes of CNG outward currents in the presence (1.6 mM, Figure 1E ) and absence (<1 nM, Figure 1F ) of [Ca 2+ ] o suggests that the localized CNG currents emanate from the growth Neuron cGMP-CNG Channel Mediates Sema3A-Induced Repulsion cone, not from the soma, in response to Sema3A. The absence of a rectification profile for the leak currents in the absence of [Ca 2+ ] o is a characteristic of the CNG current profile (Kaupp and Seifert, 2002) .
RESULTS

CNG
Expression of cGMP-Gated xCNGA1 in Xenopus Spinal Interneurons
The amino acid sequence of the Xenopus laevis CNGA1 subunit (xCNGA1) is more than 70% identical to the vertebrate rod-type CNGA1 ( Figure S2 ), and the sequence of its cGMP-binding domain (CNB) is almost completely identical to that of the bovine CNGA1 subunit (bCNGA1) (Figure 2A ). To determine whether xCNGA1 is expressed in the growth cones that we studied, we performed immunocytochemical analyses using the monoclonal antibody (mAb) PMc 1F6, generated against the CNB of bCNGA1 (Bö nigk et al., 1993) . As shown in Figure 2B , immunoreactivity (IR) of PMc 1F6 was especially prominent in the growth cones and distal neurites. Neurons that were immunopositive for PMc 1F6 were also immunopositive for Npn-1 (detected by polyclonal antibody C19; 85%, 127 out of 150 neurons; Figures 2C  and 2E ). The majority of these cultured neurons were likely commissural interneurons (immunopositive to 3A10, Shim et al., 2005; Yamada et al., 1991) that also expressed Npn-1 (83%, 126 out of 151 neurons; Figures 2D and 2E) . Thus, we conclude that xCNGA1 is expressed in Xenopus spinal interneurons. We then confirmed the presence of functional cGMP-gated xCNGCs in these growth cones by measuring changes in leak currents while perfusing 8-Br-cGMP intracellularly (1 mM) through the recording pipettes ( Figure 2F ; Gordon et al., 1995) . Both overexpression of the mutant xCNGA1D46, which has a 46 amino acid deletion in the CNB (Figure 2A and Figures S3B and S3C) , and bath application of L-cis diltiazem eliminated the leak currents activated by intra-growth cone perfusion of 8-BrcGMP ( Figure 2F ). These results demonstrate that functional, (E) Summary (left) and cumulative distribution (currents at +100 mV, right) of L-cis diltiazem-sensitive leak currents. These currents were obtained by subtracting currents in (D) from those in (C). (F) Summary (top) and cumulative distribution (currents at +100 mV, bottom) of L-cis diltiazem-sensitive leak currents in the absence of extracellular Ca 2+ (with 0.5 mM EGTA). Increased L-cis diltiazem-sensitive leak currents were detected at growth cones exposed to Sema3A gradients, but not at the soma. Error bars represent SEM. Significant differences from control are indicated (**p < 0.01; Mann-Whitney U test). (n) = number of growth cones examined.
Neuron cGMP-CNG Channel Mediates Sema3A-Induced Repulsion cGMP-activated xCNGCs are present in developing Xenopus spinal interneuron growth cones.
xCNGA1 Is Required for CNG Currents Triggered by Sema3A
To determine whether the increased CNG currents induced in growth cones exposed to Sema3A (Figure 1 ) are caused by activation of xCNGA1, we tested the effects of knockdown of endogenous xCNGA1. Morpholino antisense oligonucleotides were designed to block the translation of endogenous xCNGA1 mRNAs by targeting its translational start site (the AUG start codon and eight subsequent codons, Figure 2A ; Experimental Procedures). Because ongoing protein synthesis is required for growth cone responses to Sema3A ), we applied the morpholino oligonucleotides (MO, 1 mM) in the culture medium during cell plating to test the effect of reducing endogenous xCNGA1 on the Sema3A-induced growth cone CNG currents. Pretreatment with A-xCNGA1, but not with S-xCNGA1, significantly reduced Sema3A-induced inward and outward CNG currents ( Figure 3C ), without affecting L-cis diltiazem-resistant currents ( Figures 3C and 3D ). As shown in Figures  3A and 3B, pretreatment with the antisense MO (A-xCNGA1) significantly reduced the intensity of the xCNGA1 IR in growth cones (29.8% ± 3.5% of nontreated growth cones, ±SEM) without significantly affecting the number of xCNGA1-immunopositive growth cones. Pretreatment with sense MO (S-xCNGA1, Neuron cGMP-CNG Channel Mediates Sema3A-Induced Repulsion control) caused no significant reduction (98.7% ± 9.8% of nontreated growth cones; Figures 3A and 3B). Therefore, AxCNGA1, but not S-xCNGA1, pretreatment caused a specific reduction of xCNGA1, and we conclude that the xCNGA1 subunit is an essential component of L-cis diltiazem-sensitive xCNGCs, the activities of which are enhanced by growth cone exposure to Sema3A. Moreover, the CNG currents that were enhanced by Sema3A were eliminated by overexpression of xCNGA1D46 ( Figure 3E ). Thus, we conclude that cGMP binding is required for activation of xCNGCs by the Sema3A signal. from a microscopic gradient of Sema3A (Nishiyama et al., 2003) . This repulsion was blocked either by overexpression of NP-1 (0111) or by bath application of SNP-1 ( Figure 4C , top), demonstrating that Sema3A-Npn-1-signaling induces repulsion. Surprisingly, bath application of L-cis diltiazem (25 mM) converted the repulsion to attraction ( Figures 4A-4C , top). We next tested the effect of reducing endogenous xCNGA1 on growth cone turning by pretreating growth cones with A-xCNGA1. The repulsive turning induced by Sema3A was converted to attraction, to a similar degree as that caused by treatment with L-cis diltiazem ( Figures 4A-4C , top), whereas pretreatment with S-xCNGA1 had no significant effect ( Figure 4C , top). This conversion was specific to Sema3A, because netrin-1-induced repulsive turning was not affected by the same treatments ( Figure 4C , top). These results suggest that activation of xCNGCs is required for Sema3A-induced repulsion and that signaling by different repulsive guidance molecules is likely regulated by different mechanisms. Overexpression of xCNGA1D46 also caused growth cone attraction ( Figures 4A-4C , top) similar to that caused by pretreatment with either L-cis diltiazem or A-xCNGA1, suggesting the requirement for cGMP-dependent activation of xCNGCs. However, the conversion of Sema3A-induced repulsion to attraction in the absence of xCNGC activity may result from the switching from a cGMP-dependent-to a PKG-dependent signaling pathway (Polleux et al., 2000; Song et al., 1998 ; see below and Discussion).
Cyclic GMP Induces Growth Cone Repulsion by Activating xCNGCs
In vivo studies have demonstrated that optimal cGMP levels are required for the transduction of Sema-1a-induced repulsive signals (Ayoob et al., 2004 Figure S4 ). Bath application of Sema3A (12 pM in the bath) for 5 min induced an $5-fold increase of cGMP IR (likely equivalent to that of 3.2 mM 8-Br-cGMP, Figure S4B ) above the basal level, as monitored by confocal imaging ( Figures 5A and 5B ). As expected, the increase of cGMP IR was eliminated by overexpression of mutant NP-1 (0111) Neuron cGMP-CNG Channel Mediates Sema3A-Induced Repulsion a soluble guanylyl cyclase (sGC) inhibitor (see Figure S5 ), suggesting that cGMP production by sGC occurs during Sema3A repulsive signaling. Thus, an increase of growth cone [cGMP] i , triggered by Sema3A-Npn-1 signaling, is likely responsible for the activation of xCNGCs. We also found that Sema3A gradients induced a [cGMP] i gradient (detected by IR) across the growth cones in which the [cGMP] i at the side of the growth cone facing the Sema3A gradient (for 5 min from 100 mm distance at 45 ) was significantly greater (40.1% ± 6.3%; n = 6) than that at the opposite side ( Figures  5C and 5D ). The average ($420% that of endogenous resting) and local maximum ($600% that of endogenous resting) cGMP IR at growth cones in response to Sema3A ( Figure 5E ) was estimated to be equivalent to that of 2.3 and 6.0-10 mM 8-Br-cGMP, respectively. These observations suggest that cGMP mediates Sema3A-induced growth cone repulsion and are consistent with the idea that signaling occurs at subcellularly localized positions ( Figure 1F ), because the Sema3A gradients induced an increase of cGMP IR only in the growth cones, not in the soma ( Figure 5E ).
To determine whether cGMP, per se, not by its activation of PKG, mediates Sema3A-induced repulsion, we tested the effect of a chemical gradient of the membrane-permeable, PDE-resistant cGMP analog, 8-Br-cGMP, on growth cone guidance, thereby bypassing the Sema3A-Npn-1 branch of the signaling pathway. As shown in Figures 4D (top) and 4E (top), growth cones were attracted toward a gradient of 8-Br-cGMP (50 mM in the micropipettes), similar to their attraction toward a gradient of Sema3A in the presence of bath-applied 8-Br-cGMP (Song et al., 1998) . This attraction required PKG activity, because it reverted to repulsion when the PKG inhibitor KT5823 (750 nM, Figures 4D , second row, and 4E, top) was applied in the bath. Importantly, the repulsion was significantly reduced in the presence of L-cis diltiazem (coapplied with KT5823; Figures 4D, third row,  and 4E, top) . Thus, activation of xCNGCs by cGMP, per se, causes growth cone repulsion in cultured neurons derived from stage 26 embryos. When we bath applied L-cis diltiazem together with a membrane-permeable, PDE-resistant cGMP Neuron cGMP-CNG Channel Mediates Sema3A-Induced Repulsion analog and PKG inhibitor, Rp-8-pCPT-cGMPS [8-(4-chlorophenylthio)guanosine-3 0 -5 0 cyclic monophosphorothioate, 25 mM], which is also a rod-type CNGC activator (Kramer and Tibbs, 1996) , the preferential turning in response to the Sema3A gradient was blocked ( Figures 4D, bottom, and 4E, top) . Taken together, these results support the hypothesis that the cGMP produced in response to Sema3A activates xCNGCs during Sema3A-induced repulsion. In contrast, Sema3A-induced attraction requires PKG activity (caused by the higher cGMP concentration resulting from the bath application of 8-Br-cGMP [Song et al., 1998 ] or by the high concentration 8-Br-cGMP gradient [see Figures 4D and 4E, top] ). The molecular and pharmacological manipulations of xCNGCs did not significantly affect either growth cone motility (i.e., did not cause growth cone collapse, Figures 4A and 4D ) or net neurite outgrowth (Figures 4C, bottom, and 4E, bottom) during the 1 hr growth cone turning assay period. Sema3A is also an inhibitor of neurite outgrowth (Togashi et al., 2006) . However, the signal transduction pathways for Sema3A-induced growth cone repulsion and axon growth inhibition are thought to be independent of one another (Togashi et al., 2006; Ben-Zvi et al., 2008) . While the activation of xCNGCs by Sema3A-Npn-1 signaling might be essential for Sema3A-induced growth cone turning, it may not be critical for the ] o (ranges in mM; Figure S1C ). As shown in Figure 6C (top), a normally repulsive Sema3A gradient did not induce preferential turning in the absence of [Ca 2+ ] o (<1 nM), and neurite outgrowth was reduced, although not significantly, compared to that which occurs in normal [Ca 2+ ] o (1.6 mM Ca 2+ , Figure 6C , bottom, see Figure 4C ), suggesting that Ca 2+ entry is required for Sema3A-induced repulsion. Reduction of xCNGC activity by either bath-applied L-cis diltiazem or A-xCNGA1 pretreatment caused a growth cone membrane depolarization (DE: 16.3 ± 1.6 mV, n = 11, or 11.2 ± 2.0 mV, n = 12, respectively) similar to that caused by Sema3A at increased cGMP concentrations (50-100 mM bath-applied 8-Br-cGMP; Nishiyama et al., 2008) . This membrane depolarization resulted in the conversion of Sema3A-induced repulsion to attraction, which was accompanied by a high increase of growth cone [Ca 2+ ] i (15%-20%, likely due to Ca 2+ entry through VDCCs; Nishiyama et al., 2008 ; see also Figures 6A and 6B) . Therefore, a lack of xCNGC function likely results in a further increase of growth cone [Ca 2+ ] i , because it converts repulsion to attraction. We used computational analyses to determine the conditions in which Ca 2+ entry occurs almost exclusively through xCNGCs, not through VDCCs, to determine whether Ca 2+ entry through CNGCs indeed causes an increase of growth cone [Ca 2+ ] i of $5% (a minimal increase to be reliably monitored) and is Neuron cGMP-CNG Channel Mediates Sema3A-Induced Repulsion required for Sema3A-induced repulsion. We extended our initial computational analyses (to simulate a voltage-ramp protocol, Figure 1B) ] o (from 1 mM to 3 mM, Figure 6A ). In parallel, we calculated the increases in [Ca 2+ ] i that result from Ca 2+ entry through these channels ( Figure 6B ). Our computational analyses predicted that when [Ca 2+ ] o is near 10 mM (white line indicated by a yellow arrow in Figure 6A , left), Sema3A-induced Ca 2+ entry through CNGCs is expected to be greater than that through VDCCs by more than 85-fold (Figure 6A , right; Supplemental Experimental Procedures). This results in an $5.0% increase of growth cone [Ca 2+ ] i above the basal level (experimental data [see Figure 7 ] superimposed as a red dot in Figure 6B ). The predicted [Ca 2+ ] i increase in normal, 1.6 mM, [Ca 2+ ] o was $8.5% (experimental data [see Figure S7 ] superimposed as a yellow dot in Figure 6B ), not significantly different from the predicted 5.0% increase in low, 10 mM, ] o , Sema3A induced growth cone repulsion (À22 ± 7 ). This repulsion was eliminated by treatment with L-cis diltiazem (À2 ± 2 ) ( Figure 6C, top) , not converted to attraction, as observed at normal [Ca 2+ ] o ( Figures  4A-4C, top) , and there were no significant changes in neurite outgrowth ( Figure 6C, bottom) -sensitive dye, Oregon green 488 BAPTA-1-dextran, together with Texas red-dextran (both 200 mM), was microinjected into the soma of each neuron 1 hr prior to imaging. A significant increase in [Ca 2+ ] i was detected within minutes of exposure to Sema3A at the side of the growth cone facing the Sema3A gradient ( Figure 7A, insets) . This transient Ca 2+ gradient quickly disseminated throughout the growth cone ( Figure 7A , insets), resulting in ] i increase (5.1% ± 1.4%) that was sustained for at least 15 min ( Figures 7A, 7D, and 7E) . The experimentally observed, $5% increases in [Ca 2+ ] i corroborates the accuracy of our computational predictions. This [Ca 2+ ] i increase was triggered by Sema3A, because it was blocked by SNP-1 (À1.3% ± 0.7%; Figures 7B, 7D, and 7E) , and, importantly, was inhibited by L-cis-diltiazem (À1.6% ± 1.3%, Figures 7C-7E ). Taken together, these results demonstrate that Ca 2+ entry through xCNGCs is required for growth cone repulsion induced by Sema3A.
DISCUSSION
Signaling by different attractant and repellent diffusible guidance molecules has been shown to cause different levels of increase of growth cone [Ca 2+ ] i , either globally or locally, which differentially determine the direction of growth cone extension (Gomez and Zheng, 2006; . Different classes of Ca
2+
-conducting channels with different channel properties (Hille, 2001 ) (i.e., Ca 2+ conductivity) and different spatiotemporal expression patterns (Jimenez-Gonzalez et al., 2003) , likely function as mediators of the early steps in neural guidance signaling pathways triggered by different guidance molecules during nervous system development. We found that activation of CNGCs is required for repulsive Sema3A growth cone guidance signaling. We also found that a rod-type-like, cGMP-gated xCNGA1 subunit is expressed simultaneously with the Sema3A receptor Npn-1 in growth cones of developing Xenopus spinal interneurons. Sema3A triggers an increase of cGMP that most likely activates xCNGCs that are probably composed of CNGA1 and CNGB1 subunits. Finally, we found that these rod-type-like cGMP-gated xCNGCs conduct the Ca 2+ that is essential for Sema3A-induced growth cone repulsion. Thus, in addition to functioning in the transduction of sensory stimuli, CNGCs also function as mediators of neural guidance signals.
Cyclic GMP-Gated xCNGA1 in Xenopus Spinal Neurons Photoreceptor cell rod-type CNGCs, composed of 3 CNGA1: 1 CNGB1a, are activated by cGMP binding (Kaupp and Seifert, 2002; Matulef and Zagotta, 2003) . We found that cultured Xenopus spinal neurons derived from stage 26 embryos and cultured for 16-20 hr express a rod-type-like, cGMP-gated xCNGA1 subunit, as suggested by mAb PMc 1F6 (which recognizes bCNGA1) IR against xCNGA1. The mAb PMc 1F6 may recognize both CNGA1 and CNGA3 (Bö nigk et al., 1993 ), but we found that A-xCNGA1 treatment (morpholino knockdown, Figure 3D ) caused a significant reduction of L-cis-diltiazem-sensitive CNG currents in response to Sema3A, clearly indicating the function, and therefore the presence, of xCNGA1 in Xenopus spinal neurons. Inhibition of either Sema3A-or 8-Br-cGMP-increased CNG currents, caused by overexpression of the mutant xCNGA1D46, suggests that xCNGCs are activated by cGMP. Moreover, the observation that the overexpression of xCNGA1D46 caused this inhibition much more effectively than did pretreatment with A-xCNGA1 suggests that xCNGCs may be allosterically activated by Sema3A-induced cGMP, similarly as found for heterologously expressed, mutant CNGA1 subunits (Liu et al., 1998) . The expression of xCNGA1 in embryonic stage Xenopus 26 neurons cultured for 16-20 hr likely coincides with its in vivo temporal expression which occurs in late developmental stages (after embryonic stage 30, not earlier; data not shown). The xCNGA1 is highly homologous to the rod-type CNGA1 subunits found in many different species (Figure S2) , where it is widely expressed in the brain, particularly in the principle neurons of the cortex, hippocampus, and cerebellum (Cheng et al., 2002) . Our study reveals that it is also expressed in growth cones of spinal interneurons, which were identified by their expression of the specific interneuron markers, 3A10 (Shim et al., 2005; Yamada et al., 1991) and glycine (83% ± 1.5%; Roberts et al., 1988) . It has been demonstrated that secreted semaphorins, such as Sema3B and Sema3F, but not Sema3A, act as repellents of post-midline-crossing spinal commissural interneurons (CINs) in rodents (Zou et al., 2000) . These neurons do not express the Sema3A receptor, Npn-1 (Chen et al., 1997) . However, as shown in Figure 3 , Xenopus CINs do express Npn-1. Moreover, Xenopus spinal neurons cultured from stage 28 embryos display characteristics of post-midline-crossing CINs (Stein and Tessier-Lavigne, 2001 ). The prominent expression of Sema3A in the Xenopus embryonic stage 32 spinal cord in vivo ( Figure S8 ), at which time the CINs are expected to have crossed the midline (Roberts et al., 1988) , suggests that Xenopus spinal cord postmidline-crossing CINs may respond to Sema3A signaling.
Ca
2+ Entry through CNGCs Is Required for Growth Cone Repulsion Different levels of global and local increase in growth cone [Ca 2+ ] i cause either attractive or repulsive turning in response to external guidance molecules. A sustained growth cone [Ca 2+ ] i increase of $5%-20% is sufficient to convert repulsion Hong et al., 2000) to attraction (Hong et al., 2000; Wang and Poo, 2005) . Consistent with this observation, we found that a 5% [Ca 2+ ] i increase, resulting from cGMP-gated xCNGC Ca 2+ conductivity, is sufficient for Sema3A-induced repulsion. Whether Ca 2+ entry is essential for Sema3A signaling has been controversial (Behar et al., 1999; Song et al., 1998) . Behar et al. (1999) showed that reducing [Ca 2+ ] o to about 50 nM in culture, which is apparently close to the intracellular resting concentration and, therefore, eliminates considerable Ca 2+ entry, prevented both the collapsing and repulsive effects of Sema3A on mouse dorsal root ganglion (DRG) neurons. In contrast, Song et al. (1998) showed that reducing the [Ca 2+ ] o in the culture medium to micromolar levels had no noticeable effect on Sema3A-induced Xenopus spinal neuron growth cone repulsion. Our observation that Sema3A-induced repulsion requires the activation of xCNGCs, which conduct appreciable Ca 2+ , even in low [Ca 2+ ] o (10 mM, Figure 6C ), may resolve this controversy. Of all the CNGC types, rod-type CNGCs conduct a modest amount of Ca 2+ (conductance ratio: $1:0.039:3490 for rod, cone, and olfactory, respectively, at 2.3-10 mM cGMP in growth cones, see Figures 5C-5E; Frings et al., 1995; Kaupp and Seifert, 2002; Rebrik et al., 2000; Zimmerman and Baylor, 1986) . A single Xenopus growth cone (average $358 ± 42 mm 2 ) contains $18,500 CNGCs, as estimated from the amplitudes of maximal CNG currents ( Figure 2D ; $134 pA at +100 mV recalculated from the rod-type CNGCs, as reported previously, Haynes et al., 1986; Zimmerman and Baylor, 1986 ] i increase ($5%) required to mediate growth cone repulsion in Xenopus spinal neurons.
Cyclic GMP-Mediated Growth Cone Repulsion
Previous studies, including our own, have shown that cyclic nucleotide signaling pathways modulate growth cone turning induced by guidance molecules Nishiyama et al., 2003; Song et al., 1997 Song et al., , 1998 . For example, PKG-dependent growth cone repulsion was demonstrated in netrin-1 signaling in which suppression of L-type VDCC activity by PKG caused the conversion of the attractive turning of Xenopus stage 22 embryonic spinal neuron growth cones to repulsive turning (Nishiyama et al., 2003) . It has been proposed that cGMP, per se, is required for growth cone collapse or repulsive signaling induced by ephrins (Mann et al., 2003) . The present study demonstrates that the Sema3A-induced repulsion of Xenopus spinal neuron growth cones requires cGMP, not PKG. Our observations that the growth cone repulsion induced by a gradient of 8-BrcGMP occurred only in the absence of PKG activity and was abolished by inactivation of CNGCs demonstrate the existence of a cGMP-activated, CNGC-induced repulsion mechanism that is independent of PKG. Furthermore, the observation that blocking cGMP-gated CNGCs converted the Sema3A-induced repulsion to attraction (Figure 4) suggests that events downstream of the cGMP activation of CNGCs may mask the Sema3A-induced, PKG-dependent attractive signaling (Polleux et al., 2000; Song et al., 1998) . This idea is supported by the finding that blocking PKG activity abolished the growth cone attraction resulting from the inactivation of CNGCs in response to Sema3A. Thus, the differential functioning of different, developmental-stage-specific, cyclic nucleotide signaling pathways (Shewan et al., 2002) may depend, at least in part, on the mechanisms by which the different Ca 2+ -conducting channels required for the transduction of their guidance signals are regulated.
The increase in cGMP IR in growth cones exposed to Sema3A and the lack of increase in cGMP IR in NP-1 (0111) mutant receptor-overexpressing growth cones exposed to Sema3A suggest that cGMP is produced in response to the repulsive Sema3A Upon Sema3A binding to Npn-1, soluble guanylyl cyclase (sGC) is activated, leading to cGMP production. Cyclic GMP in turn activates xCNGA1 and presumably xCNGB1 containing channels to conduct Ca 2+ that is both necessary and sufficient for Sema3A-induced growth cone repulsion. If xCNGCs are blocked, the repulsion is converted to attraction, which requires PKG activity. Arrows, activation; disrupted bars, inhibition.
signal. However, the molecular mechanism that regulates cGMP production during Sema3A signaling remains unknown. It was previously suggested that sGC is required for Sema3A-induced attraction of cortical neuron dendrites (Polleux et al., 2000) . We found that Sema3A-induced cGMP production is sensitive to the inhibition of sGCs ( Figure S4 ; Nishiyama et al., 2008) . Soluble GCs are activated by free radical donors such as nitric oxide (Lucas et al., 2000) and hydrogen peroxide (H 2 O 2 , Wolin et al., 2005) . The canonical pathway of cGMP production by sGCs is regulated by nitric oxide, the synthesis of which normally requires Ca 2+ entry (Wolin et al., 2005) . This appears to contradict our observation of xCNGCs activation by Sema3A in the absence of Ca 2+ entry ( Figure 1F ). However, MI-CAL (molecules interacting with CasL, flavoprotein oxidoreductases [monooxygenase]), which is known to mediate Sema-1a-induced repulsion (Terman et al., 2002) , produces H 2 O 2 in the absence of Ca 2+ (Nadella et al., 2005) . MICAL expression has been observed in developing vertebrate spinal cords (Pasterkamp et al., 2006) , but whether it is regulated by Sema3A signaling remains to be determined. Indeed, radical scavengers eliminate Sema3A-induced repulsion in mouse DRG neurons (Terman et al., 2002) . Our observation that a repulsive Sema3A signal can activate CNGCs in the absence of [Ca 2+ ] o leads us to speculate that the production of H 2 O 2 , which is also predicted to be involved in O 2 sensing in the vascular system (Wolin et al., 2005) , may activate sGC during Sema3A-induced repulsion. Consistent with this speculation, O 2 sensing and social feeding behavior in C. elegans, where nitric oxide synthase has yet to be identified, are mediated by the sGC homolog gcy-35 and the CNGA homolog tax-4 (Gray et al., 2004) .
A Model for cGMP-Gated CNGCs Mediating the Sema3A Signal Based on our observations and previous reports, we propose the following model of the early signaling events induced by a repellent Sema3A gradient at the growth cone (Figure 8 ): activation of a Sema3A receptor complex upon binding of its ligand, Sema3A (He et al., 2002; Huber et al., 2003) , triggers cGMP production by sGC (see Figure S4 ), regulated by a mechanism that is likely independent of Ca 2+ entry ( Figure 1F ). Subsequent binding of cGMP to the CNB of xCNGA1 subunits (and presumably to the CNB of xCNGB1 as well) gates xCNGCs, resulting in entry of the Ca 2+ responsible for Sema3A-induced growth cone repulsion ( Figure 7) . Inactivation of xCNGCs converts the Sema3A-induced repulsion to PKG-dependent attraction ( Figure 4D ), suggesting that CNGC activity is crucial for the maintenance of the Sema3A repulsive signal. Sema3A triggers growth cone [cGMP] i increases above the micromolar range (equivalent to 3.2 mM and 6-10 mM of 8-Br-cGMP detected by IR for global and local maximum concentrations, respectively; see Figure 5 and Figure S4 ), which should be sufficient to activate PKG (measured in vitro, Ka = 110 nM; Corbin et al., 1986) . How a repulsive Sema3A signal predominantly affects the cGMP-CNGC pathway, rather than the PKG-dependent signaling pathway, which would otherwise result in attraction, remains to be determined. Different levels of CNGC expression, of cGMP production, or of cGMP compartmentalization (e.g., in lipid rafts, Brady et al., 2004) may all result in different growth cone turning behaviors in response to Sema3A.
EXPERIMENTAL PROCEDURES
In Vitro Transcription, Microinjection, and Primary Neuronal Cultures In vitro transcribed UNC5B, xCNGA1D46, NP-1 (0111), and green fluorescent protein (GFP, coinjected expression indicator) capped mRNAs were synthesized and injected into two blastomeres of embryos at the four-cell stage as described (Hong et al., 1999) . Primary cultures of spinal neurons were prepared from stage 22 embryos for netrin-1 assays and from stages 26 embryos for Sema3A assays, as described (Nishiyama et al., 2003) . Cultures (22 C-24 C) of ages between 14-18 hr for netrin-1 and 16-20 hr for Sema3A assays were used.
Guidance Proteins and Chemicals
Netrin-1 (5 mg ml -1
; Hong et al., 1999) and Sema3A (12 pM; Goshima et al., 1997) were prepared as described. The biological activity of Sema3A was evaluated by the collapsing assay in chick DRG neurons (Goshima et al., 1997) . Chemicals (L-cis diltiazem, Rp-8-pCPT-cGMPS, 8-Br-cGMP, KT5823) were purchased from BioMol, Calbiochem, Molecular Probes, and Sigma. All pharmacological agents were applied in the bath 30 min before experiments were performed, unless otherwise indicated.
Morpholino Oligonucleotides
An antisense morpholino oligonucleotide (A-MO) was designed to target a 25 nucleotide sequence beginning at the xCNGA1 start codon (5 0 -GGT GAG TAT TAA CTA TTC CAG CCA T-3 0 ), as recommended by GeneTools. A control S-MO was the sense sequence of the same mRNA region (5 0 -ATG GCT GGA ATA GTT AAT ACT CAC C-3 0 ). Morpholinos (1 mM) were applied during the cell plating (Partridge et al., 1996) .
Electrophysiology
Whole-cell voltage-clamp recordings of growth cones were made as previously described (Nishiyama et al., 2003) . Whole-cell leak currents evoked by an inverse voltage-ramp from +120 to À120 mV at 0.067 Hz were recorded with the patch-clamp amplifier (Axopatch 200B Axon Inst.) for 2-3 min. An internal solution of (each in mM) 115 CsCl, 10 HEPES, 10 TEA-Cl, 10 EGTA, and 4 Mg-ATP (pH 7.4) and a bath solution of (each in mM) 87.4 NaCl, 6.1 Na-gluconate, 2.6 KCl, 35 TEA-Cl, 1 CaCl 2 , 1 MgCl 2 , 10 HEPES, 1 3 10 À5 STX, 2 3 10 À2 nimodipine (pH 7.4) were used. For [Ca 2+ ] o free solution (<1 nM),
CaCl 2 was replaced with EGTA (0.5 mM). Data were filtered at 2 kHz and collected at 10 kHz.
Immunocytochemistry
Xenopus spinal neurons [normal, overexpressing either NP-1(0111), N-myc or xCNGA1D46 N-myc] were fixed with 4% paraformaldehyde for 30 min, permeabilized with 0.5% Triton X-100 for 10 min, and treated with blocking solutions [1.5% horse serum for xCNGA1, NP-1(0111), and xCNGA1D46; 3% BSA for 3A10 and cGMP] for 1 hr. Primary antibodies: anti-bCNGA1 (PMc 1F6, 1:100, Bö nigk et al., 1993), anti-Npn-1 (C-19, 1:100, Santa Cruz Biotechnology), anti-3A10 (1:100, Developmental Studies Hybridoma Bank at University of Iowa), anti-N-myc (9E10, 1:50, Chemicon), anti-cGMP (AB303, 1:500, Chemicon), and anti-cAMP (AB306, 1:500, Chemicon). Secondary antibodies: Alexa Fluor 546 anti-mouse IgG (1:1,000, Invitrogen) for PMc 1F6, Cy2-conjugated anti-goat IgG (1:500, Jackson ImmunoResearch) for C-19 and for cGMP ( Figures 5C-5E ), and Cy3-conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit (1:500, Jackson ImmunoResearch) for 3A10 and cGMP, respectively. For NP-1(0111)-myc and xCNGA1D46-myc, biotinylated anti-mouse IgG (1:1000, Vector Laboratories, Inc.) was applied followed by Rhodamine Avidin D (1:500, Vector Laboratories, Inc.). For double staining, C-19 staining was followed by either PMc 1F6 or 3A10. Images were captured with a confocal microscope (LSM510META, Zeiss), except for Figures 5C-5E (CSU-22, see Calcium Imaging), and fluorescent intensities were analyzed with the ImageJ program.
Growth Cone Turning Assay
Microscopic gradients of diffusible guidance proteins and chemicals were generated as previously described (Nishiyama et al., 2003) . Images of growth cones were recorded with a charge-coupled device camera (CCD, Hitachi KP-M2U) attached to a phase contrast microscope (Olympus CKX-41) and analyzed using NIH Image 1.62. Assays were performed in culture medium (in mM): 137 NaCl, 2.6 KCl, 2 EDTA (0.5 EGTA for free Ca 2+ ), 0.9 CaCl 2 (0 for free Ca 2+ ), 2 MgCl 2 (1 for free Ca 2+ ), 10 HEPES (pH 7.4) (Nishiyama et al., 2003) or in 10 mM Ca 2+ or Ca 2+ free Ringer solution, which was used to replace the culture media 30 min before the assays were performed.
Calcium Imaging
The calcium indicator Oregon green 488 BAPTA-1 and Texas red conjugated to dextran (M.W. 70,000, 200 mM, Molecular Probes) were injected into the soma as described (Hong et al., 2000) . Imaging was performed by a Yokogawa confocal system (CSU-22, Perkin Elmer) equipped with an Ar/Kr gas laser. Excitation at 488 and 568 nm was controlled by an acousto-optical tuneable filter (AOTF), and Oregon green BAPTA and Texas red emission signals were collected at 520-540 nm and 614-642 nm, respectively, by an EM-CCD camera (Hamamatsu) through a 1003 objective (UPlanSApo, N.A. 1.4, Olympus). Fluorescence images were collected sequentially in pairs every 5 s and were analyzed with UltraView and ImageJ software. Oregon green signals were normalized to Texas red fluorescence to control for experimental fluctuations (growth cone thickness or focal plane changes).
Computational Analyses
See Supplemental Experimental Procedures.
SUPPLEMENTAL DATA
The Supplemental Data for this article, including Supplemental Experimental Procedures and five figures, can be found online at http://www.neuron.org/ cgi/content/full/58/5/694/DC1/.
